Cell-mediated regenerative approaches using muscle progenitor cells hold promises for the treatment of many forms of muscle disorders. Their applicability in the clinic, however, is hindered by the low levels of regeneration obtained after transplantation and the large number of cells required to achieve an effect. To better understand the mechanisms that regulate the temporal switch of replicating muscle progenitor cells into terminally differentiated cells and to develop new strategies that could enhance muscle regeneration, we have developed and performed a high-throughput screening (HTS) capable of identifying genes that play active roles during myogenesis. Secondary and tertiary screens were used to confirm the effects of RNAi in vitro and in vivo and to select for candidate hits that significantly increase regeneration into skeletal muscles. Downregulation of cyclin D2 (CCND2) was shown to dramatically enhance myogenic differentiation of muscle progenitor cells and to induce a robust regeneration after cell transplantation into skeletal muscles of dystrophin-deficient mice. Protein interaction network and pathway analysis revealed that CCND2 directly interacts with the cyclin-dependent kinase Cdk4 to inhibit phosphorylation of the retinoblastoma protein (pRb), thus blocking the activation of the myogenic switch during fusion. These studies identify CCND2 as a new key regulator of terminal differentiation in muscle progenitor cells and open new possibilities for the treatment of many forms of muscle disorders characterized by impaired regeneration and loss of muscle mass.
INTRODUCTION
Many of the diseases affecting muscle are distinguished by the impaired ability of muscle progenitor cells to fuse and form new fibers and the inability of the existing fibers to maintain normal homeostasis. Among those, Duchenne muscular dystrophy (DMD) is one of the most severe diseases. It is caused by mutations in the dystrophin gene that abolish dystrophin expression in muscle of DMD patients (1) . The disease is characterized by a progressive loss of muscle mass which has been attributed primarily to the progressive atrophy and loss of individual muscle fibers. By the age of ten, the majority of Duchenne boys have lost a significant amount of muscle tissue. Beyond that point, the lack of mobility and physical inactivity accelerate muscle loss, causing a rapid and irreversible decline.
A number of different approaches have been explored, aimed at ameliorating the disease by preventing loss of muscle mass (2) (3) (4) (5) (6) (7) (8) (9) (10) . Among those, transplantation of healthy or normal muscle stem cells holds promise due to its potential of promoting formation of de-novo myofibers lost as a result of the disease. Muscle stem cells are located beneath the basal lamina of muscle fibers and are responsible for the homeostasis and tissue repair of skeletal muscles. Upon activation, they undergo replicative expansion to produce daughter cells that will either enter the myogenic lineage progression to ultimately become myoblasts (Mbs) or withdraw from the cell cycle to reenter the quiescent stage (11) (12) (13) (14) . Mbs can be easily propagated in vitro over a prolonged period of time without compromising their ability to differentiate and form myotubes (Mts) (13, 15) . † These Authors contributed equally to the studies. * To whom correspondence should be addressed. Tel: +1 3108256387; Email: cbertoni@ucla.edu # The Author 2013. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com Most of the regenerative approaches to DMD have been focused on isolating stem cells that can efficiently reconstitute muscle after intramuscular injection or after vascular delivery. These studies have focused primarily on identifying a population of cells capable of committing almost exclusively to the myogenic program. Ultimately however, each cell type will have to enter the final stages of cell commitment and treatments to DMD and their application into humans will require for the transplanted cell to efficiently differentiate into Mbs and form new fibers.
To date, clinical trials for DMD using Mb transplantation have been disappointing (16) (17) (18) . The large number of cells required to achieve an effect and the inability of the transplanted cells to efficiently fuse and reconstitute muscles severely hamper the applicability of cell-mediated regenerative applications to DMD. Effective treatments to DMD using transplantation procedures are likely to require the use of complementary approaches aimed at enhancing terminal differentiation of Mbs after engraftment.
Encouraging results have been obtained using myostatin blockades. Myostatin is a member of the transforming growth factor-b (TGF-b) superfamily of secreted growth and differentiation factors, which is essential for proper regulation of skeletal muscle mass. A dramatic increase in muscle mass has been observed in animal models (5, 19, 20) , as well as in humans (21) , lacking myostatin. When combined with the cell transplantation procedure, downregulation of myostatin in Mbs has been shown to significantly increase the ability of transplanted cells to fuse into pre-existing or nascent myofibers (22) . Altogether, these results have demonstrated that activation of muscle progenitor cells and terminal differentiation of Mbs can be influenced by controlling the expression of a single gene. To date, however, the identification of genetic targets that could be used to potentiate regeneration of skeletal muscles after transplantation has been limited.
We have implemented high-throughput screening (HTS) technologies in the study of terminal differentiation of muscle progenitor cells, and we have developed an HTS assay capable of identifying genes that inhibit Mb fusion and control Mt growth. The screen of 16 000 individual small-interfering RNAs (siRNAs) has led to the identification of 635 genes involved in myogenesis. Among those, downregulation of CCND2 in Mbs showed to significantly promote muscle regeneration and muscle repair in vivo. The number of dystrophinpositive (DYS+) fibers was much higher in muscles that received Mbs downregulating CCND2 compared with those transplanted with Mbs downregulating myostatin, suggesting that CCND2 is a potent regulator of myofibrillogenesis. We also show that CCND2 acts by inhibiting the activation of the myogenic switch and by influencing the phosphorylation of pRb. Our work identifies a new genetic target for DMD therapeutics which could ultimately lead to the development of an effective treatment for the disease.
RESULTS

Assay development and primary screen
Optimization of the screening procedure was performed using a high-content imager (HCI) and Mbs isolated from a transgenic mouse expressing the green fluorescent protein (GFP) under the control of a ubiquitous promoter. As a positive control, we used an siRNA specifically designed to target and disrupt expression of the myostatin gene, previously shown to promote Mb differentiation and to enhance muscle growth (23) . Differentiation was followed for up to 48 h in live cells treated with the siRNA downregulating myostatin expression (MSTN-siRNA). Analysis was performed using the MetaXpress analysis imaging software (Molecular Device) adapted to discriminate multinucleated cells (Mts) from mononucleated (non-fused) cells (Fig. 1) . A statistically significant difference in the percentage of non-fused cells was detected in Mts downregulating myostatin compared with sham-transfected Mts but only at densities comprised between 1 × 10 3 and 5 × 10 3 cells per well. The screen was carried out using a density of 2.5 × 10 3 cells per well (Fig. 1D) . At this density, the percentage of non-fused cells treated with MSTN-siRNA was 10-fold lower than that of sham-transfected cells and the signal to background ratio (S/B) between the two groups was greater than 3.
Screens were conducted using siRNA libraries designed to target the Mouse Kinases (MK) library (767 genes), the Mouse Genome Wide (MGW) library (2700 genes) and the Mouse G Protein-Coupled Receptor (GPCR) library (518 genes), targeting specific genes of known and unknown function across the genome. Images were acquired from four different fields per well and the cells were imaged 48 h after induction of differentiation. Screens were performed in duplicates. Data were analyzed using analytic metrics to assess and rank the extent of siRNA inhibition on differentiation and by visual inspection of each of the images acquired. To avoid off-target effects, each siRNA was transfected separately and only genes with at least three siRNA hits were selected for further analysis. Positive hits were originally ranked based on the individual signals obtained from each of the wells. Then, the rank distribution of all siRNAs (wells) targeting the same gene and showing activity was examined based on the P-value. Of nearly 4000 genes analyzed, downregulation of 635 genes showed a significant effect compared with control (sham-transfected) cells ( Fig. 2A) . Of those, inhibition of 155 genes was shown to promote Mb fusion significantly better than the MSTN-siRNA (Supplementary Material, Table S1 ).
Functional characterization of the genes identified by the imaging software was conducted using ingenuity pathway analysis (IPA) and Protein ANalysis THrough Evolutionary Relationships (PANTHER) by comparing the data set in the context of known biological response and functional databases (Fig. 2B -D) . Among the biological functions identified, the predominant processes involved were cell survival, growth and differentiation (Fig. 2B ) demonstrating that inhibition of proliferation is a critical step in the activation of the myogenic program. Interestingly, the majority of the genes were hydrolases, peptidases or receptors suggesting that differentiation in Mbs is mediated primarily through the activation of signaling pathways (Fig. 2C) . Among those pathways, the Wnt, the TGFb and the mitogen activator protein (MAP) kinase pathways were shown to play a primary role (Fig. 2D) .
For therapeutic purposes, genes whose downregulation can efficiently promote muscle regeneration and muscle repair are likely to have a significant impact on treating muscle wasting disorders such as DMD. The clinical relevance of this approach should be further enhanced if the regeneration induced is greater than that detected following myostatin inhibition. We therefore focused our analysis on genes that, when downregulated,
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Human Molecular Genetics, 2013, Vol. 22, No. 16 showed to promote fusion better than muscle cells downregulating myostatin. The fusion index of the 155 positive hits was determined using the images acquired by HCI and was expressed as the percentage of nuclei within Mts containing 2-to-5, 6-to-10, or more than 10 nuclei per Mt. Downregulation of six of the genes identified showed to significantly increase the percentage of Mts containing 6-to-10 and more than 10 nuclei compared with Mts transfected with vehicle alone (Fig. 3B and C) . However, only the downregulation of CCND2 and CDC42EP1 was shown to significantly enhance fusion in Mts containing 6-to-10 and greater than 10 nuclei, respectively, when compared with cells treated with the MSTN-siRNA ( Fig. 3B and C) . The results were confirmed in primary Mb cultures isolated from C57BL/10 and mdx mice and treated with the siRNAs duplexes used for the screen. Altogether, these results demonstrate that the effects observed in the HTS were consistent in different cell lines and different strains. A representative image of Mts obtained following downregulation of each of the eight hits is presented in Supplementary Material, Figure S1 .
Functional activity of RNAi in vivo after transplantation
To determine whether silencing of the eight selected genes would have biological activity in skeletal muscle, we examined the regenerative potential of Mbs treated with siRNAs downregulating their expression. Lower limb muscles of mdx/ nude mice were irradiated 3 days prior to transplantation to ablate all satellite cells and tibialis anterior (TA) muscles were injured with cardiotoxin 1 day prior to transplantation to induce regeneration and enhance cell engraftment. Mbs isolated from GFP transgenic mice were transfected with the siRNAs duplex showing activity in vitro. Mbs were then transplanted into recipient muscles 10 h after initiation of transfection. As a negative control, we used GFP Mbs treated with transfection reagent alone or Mbs transfected with a control, non-targeting siRNA (CTL-siRNA). GFP Mbs downregulating myostatin were used as a positive control. TAs were isolated 1 week after transplantation and analyzed for expression of GFP and dystrophin, which were used as an index of regeneration and to determine the efficacy of the transplantation procedure ( Fig. 4 and Supplementary Material, Fig. S2 ). Bright fluorescent GFP-positive (GFP+) fibers were readily recognized in all injected muscles. The results were confirmed by immunostaining analysis using an antibody specific to dystrophin. No significant differences were detected in the number of GFP+ and DYS+ fibers. Muscle transplanted with Mbs downregulating myostatin showed a significantly higher number of GFP+ and DYS+ myofibers than those that received sham-transfected Mbs or Mbs transfected with the CTL-siRNA (Fig. 4) . Downregulation of six of the eight genes identified by HTS showed a significant increase in the number of GFP+ and DYS+ myofibers when compared with those detected in TAs that were transplanted with Mbs treated with the CTL-siRNA (Fig. 4) . However, only muscles that received Mbs transfected with an siRNA specific to CCND2 showed a significant higher number of positive fibers than those transplanted with Mbs downregulating Table S1 ). (B) Top 14 biological functions performed using IPA software of the complete gene list of positive hits calculated as the negative base-10 logarithm of the P-value [2log(P-value)] and indicate the probability of finding the input proteins in a given network as a result of random chance. (C) Genes were classified into molecular function according to the PANTHER classification system. (D) Signaling pathways identified by the PANTHER classification system plotted based on the number of genes identified within each pathway. Categories with at least eight genes are displayed in the chart. (TGF-b, transforming growth factor b; MAPK, mitogen activator protein kinase; GPCR, G protein-coupled receptors; PDGF, platelet derived growth factor; FGF, fibroblast growth factor).
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Human Molecular Genetics, 2013, Vol. 22, No. 16 myostatin (Fig. 4) . These results clearly demonstrated that CCND2 is a strong inhibitor of differentiation and a key target for further therapeutic development.
Primary hit selection
We next focused our studies on better understanding the function of CCND2 during myogenesis.
The specificity of CCND2 was demonstrated using siRNAs different from the four duplexes present in the library (Supplementary Material, Table S2 ). Fusion indexes were calculated for all cultures treated with siRNAs targeting the CCND2 mRNA for up to 3 days after induction of differentiation. Each siRNA tested showed to significantly increase fusion in muscle culture of mdx and wild-type cells. Real-time PCR analysis revealed that CCND2 mRNA is highly expressed in proliferating Mbs as well as cultures induced to differentiate and maintained in differentiation medium for 24 h (Fig. 5A ). Transcript levels significantly decreased at 48 h in differentiation medium and were almost undetectable 72 h after induction of differentiation. The results were confirmed by western blot analysis (Fig. 5B) . Downregulation of CCND2 mediated by an siRNA targeting the coding sequence of the mRNA resulted in a significant decrease of CCND2 transcript levels compared with cells treated with a non-targeting siRNA as early as 24 h after induction of differentiation (48 h after siRNA transfection). Transcripts remained lower throughout all time points analyzed ( Fig. 5C ) and returned to levels similar to those of untransfected cells or cells transfected with the control siRNA by 96 h after induction of fusion. CCND2 protein was markedly decreased in Mts isolated from cultures transfected with the CCND2-siRNA and maintained in differentiation medium for 48 h (Fig. 5D) . Immunostaining analysis demonstrated that CCND2 was localized predominantly in the nuclear compartment of Mts in cells treated with the CTL-siRNA, but was absent in cultures transfected with CCND2-siRNA (Supplementary Material, Fig S3) . No effects on cell cycle progression were detected in Mbs undergoing RNAi and then induced to differentiate or Mbs maintained in growth medium for up to 4 days after transfection, suggesting that CCND2 is not required to regulate cell division (data not shown). Furthermore, Mb cultures transfected with targeting To further confirm the specificity of CCND2 in regulating differentiation and to determine whether constitutive downregulation of CCND2 would affect regeneration following Mb transplantation, we generated cell lines expressing different lentiviral vectors which were transduced in C57BL/10 primary Mbs, as described in greater detail in the Materials and Methods section. Real-time RT -PCR analysis confirmed the expected decrease in CCND2 mRNA levels in all clones isolated. On average, all cell lines analyzed were shown to have a 50-70% reduction in CCND2 expression compared with Mbs infected with a non-targeting shRNA (CTL-shRNA). No changes in the cell cycle distribution were found in cells treated with the targeting lentiviral vectors and that were maintained in selection medium two weeks after infection (Supplementary Material, Table S4 ), suggesting that CCND2 is dispensable in actively dividing cells. The rate of cell division in those cells remained unchanged at all of the time points analyzed and no differences in the number of apoptotic cells were detected in Mbs as determined by Tunnel staining.
Mt formation was monitored in those cells for up to 4 days after induction of differentiation (Supplementary Material, Fig. S4 ). Multinucleated Mts containing more than six nuclei per Mt were evident in culture as early as 24 h after switching to differentiation medium and fusion continued through all time points analyzed. By 72 h in differentiation medium, the majority of the culture contained large (.50) nuclei per Mt. These results confirmed the specificity of CCND2 and provided strong evidence for a role of CCND2 during differentiation.
In vivo analysis of mdx muscles following Mb transplantation
The regenerative capacity of Mbs constitutively downregulating CCND2 was assessed in vivo following transplantation into TA muscles of dystrophin-deficient mice. Muscles were irradiated and regeneration was induced by cardiotoxin injury as described above. Mbs infected with a CCND2-shRNA or the CTL-shRNA were transplanted at the dosages indicated in Figure 6 and regeneration was followed over time. The number of eMHC-positive fibers (eMHC+) detected in TAs isolated 4 days after transplantation increased in a dose-dependent manner. Muscle that received CCND2-shRNA Mbs showed a significantly higher number of positive fibers than those injected with CTL-shRNA Mbs, demonstrating that transplanted cells were all capable of forming newly regenerated fibers and that the downregulation of CCND2 enhanced regeneration ( Similar results were obtained in muscles immunoassayed for dystrophin and analyzed 1 month after transplantation. On average, the number of DYS+ fibers was consistently 1.5-to 2-fold higher in muscles that received CCND2-shRNA Mbs compared with muscles transplanted with CTL-shRNA Mbs ( Fig. 6B; Supplementary Material, Fig. S6 ). Furthermore, a reduction in the diameter of the fibers that expressed dystrophin 
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was evident in all muscles that received Mbs at doses ≥0.5 × 10 6 (Fig. 6C ).
Mbs infected with a CCND2-shRNA or the CTL-shRNA were transplanted at a dosage of 5 × 10 5 Mbs per injected muscle and regeneration was followed for up to 1 month following engraftment (Supplementary Material, Fig. S7 ). The highest number of eMHC-positive (eMHC+) fibers was detected at 4 days following transplantation in both the treatment groups. Muscles analyzed 15 days and 1 month after transplantation showed few although clearly detectable clusters of eMHC+ fibers scattered throughout the muscle (data not shown). Dystrophin expression was evident even at the earliest time point analyzed and was shown to progressively increase over time (Supplementary Material, Fig. S7B ). The percentage of DYS+ fibers was significantly higher in muscles that received CCND2-shRNA compared with muscles transplanted with CTL-shRNA at all the time points analyzed. Altogether, these data suggest that constitutive downregulation of CCND2 prior to transplantation promotes myofibrillogenesis further supporting future studies aimed at investigating the therapeutic potential of targeting CCND2 gene expression for the treatment of muscle disorders like DMD. The results were confirmed at the protein level using western blot analysis. Cells were transfected with the CTL-siRNA or the CCND2-siRNA and were induced to differentiate 10 h later. Proteins were analyzed for expression of desmin, MyoD, Myf5 and myogenin 48 h later (Supplementary Material, Fig. S9 ). Taken together, the results suggest that CCND2 acts through mechanisms that are independent of MyoD activation and that regulation of differentiation mediated by CCND2 occurs predominantly within the first 48 h after induction of differentiation.
Protein interaction network and protein linkage analyses of CCND2
To better elucidate the role of CCND2 and the mechanisms of action that allow this gene to influence myogenesis, we have performed a comprehensive search of genes and proteins shown to interact directly or indirectly with CCND2 using primarily the Fig. S10 ).
To test for functional interconnectedness between the tree and other biological processes, we have used the NIH DAVID pathway analysis tool (http://david.abcc.ncifcrf.gov) (24, 25) . The analysis revealed that CCND2 is a member of a dozen different cellular pathways all of which require the interaction of CCND2 with a cyclin-dependent kinase (Cdk). Cdks are serine/threonine kinases that phosphorylate proteins on serine and threonine amino acid residues. Direct interaction of the D-type cyclins with Cdks has been previously shown to control terminal differentiation of Mbs (26) (27) (28) (29) . To determine whether the inhibitory effect of CCND2 observed during differentiation is mediated through the direct interaction of CCND2 with members of the Cdk family, we generated plasmid constructs encoding full-length CCND2 cDNA (pCCND2-D3 ′ UTR) or encoding a truncated version of the vector lacking the Nterminal region of the gene encoding for the binding region of the Cdks (pCCND2-D3 ′ UTR-DN) (Fig. 7A) . All constructs lacked the 3 ′ -UTR region. Plasmids were co-transfected with an siRNA targeting the 3 ′ UTR of the CCND2 mRNA (Supplementary Material, Table S2 ). Cells were induced to differentiate and analyzed using the MetaXpress fusion software (Fig. 7B and  7C) . Overexpression of full-length CCND2 inhibited fusion while expression of the pCCND2-D3 ′ UTR-DN construct had no significant effects on differentiation when compared with cells treated with the CCND2-siRNA targeting the 3 ′ -UTR region of the CCND2 mRNA (Fig. 7C) .
To identify the specific Cdk interacting with CCND2 and responsible for inhibiting Mb differentiation, we analyzed all the images acquired by HTS in cells treated with the siRNA duplexes targeting each member of the Cdk family. Downregulation of Cdk4, but not CdkN1A, CdkN1B, Cdk2, Cdk6 and Cdk5, significantly increased fusion, suggesting that inhibition of Mb differentiation is likely mediated by the CCND2/Cdk4 complex (data not shown).
A key component of the pCCND2-D3 ′ UTR-DN vector is the lack of the LxCxE motif required for the CCND2/Cdk complex ′ UTR construct encodes a cDNA expressing full-length CCND2 but lacking the 3 ′ -UTR region while the pCCND2-D3 ′ UTR-DN vector encodes a shorter version of the vector sequence predicted to express an in frame, although truncated version of the CCND2 lacking the N-terminal region of the protein which contains the binding motif for the Cdk. (B) Plasmids were co-transfected with an siRNA targeting the 3 ′ UTR of the CCND2 mRNA and were allowed to recover for 24 h before switching to differentiation medium. Images were acquired 48 h after induction of differentiation using a HCI. Mts were much smaller in cultures that over-expressed full-length CCND2 when compared with cells transfected with the CTL-siRNA or the CCND2-siRNA. 
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to bind and phosphorylate the retinoblastoma protein (pRb) (Fig. 7A) . To further clarify the role of the CCND2/Cdk complex during differentiation, we have analyzed the effects of CCND2 downregulation on pRb. Mbs were transfected with the CTL-or the CCND2-siRNA for 10 h and were then induced to differentiate for 48 h before protein analysis. A decrease in phosphorylated pRb (ppRb) was detected in all cultures transfected with the siRNA targeting CCND2 expression, but not in cultures treated with the CTL-siRNA (Fig. 7D) . Similar results were obtained in cultures maintained in differentiation media for 24 h following transfection with the targeting and control siRNAs (data not shown).
Altogether, these results demonstrate that the effects observed on fusion and Mt formation are dependent upon the inactivation of CCND2 during the stages of differentiation downstream of cell cycle withdrawal of Mbs. Furthermore, the results suggest that CCND2 acts primarily during early stages of myocyte formation and activation of the myogenic program by maintaining pRb in an unphosphorylated state. Thus, inhibition of pRb phosphorylation is likely to be responsible for the dramatic increase in regeneration observed after transplantation.
DISCUSSION
We have developed an HTS system capable of performing a genome-wide functional genetic screen in primary muscle progenitor cells and able to identify regulators of Mb differentiation. The screening platform utilized primary, secondary and tertiary screenings based on independent endpoint measurements to maximize its specificity. Several key features made the assay particularly desirable and highly reliable. First, it was designed to study the effects of downregulation of a single gene at the time using individual siRNA sequences, thus minimizing offtarget effects obtained as a result of pooled siRNAs. Second, the system was completely void of reporter vectors and relayed exclusively on determining changes in differentiating cells under physiological conditions following transfection with siRNAs. Third, it utilized freshly isolated primary cells as opposed to immortalized cell lines such as C2C12. Although the latter have been employed extensively to study muscle regeneration and muscle repair, they do not mimic perfectly the system and differences have been reported in their response to environmental cues and their level of differentiation and maturation (30) . Finally, genes to be taken into secondary screenings were selected on the bases of their morphology and fusion index analyses using the images acquired by HCI, narrowing down the number of positives to few genes, which showed consistent and reproducible effects in at least two independent runs and using more than one duplex targeting the same gene.
In our screen, we selected as positives only those genes that showed a response in at least three distinct duplexes and individual siRNAs that showed poor or no effects were excluded from subsequent mathematical and statistical analyses. Since the P-value was associated with a gene, all the wells of the same gene that were included in the analysis were assigned identical P-values. Using this probability-based approach, a gene with multiple moderately active wells was weighed less heavily than a gene with more active wells and therefore, should be ranked more heavily given their higher activity. Thus, we are confident that the criteria used to select the genes were unbiased. Nonetheless, it is possible that poor target affinity of some of the siRNAs contained in the library may have caused genes important for regulating Mb differentiation to be missed. However, the stringency of the parameters used to select positive hits enabled us to ensure that all the genes identified have biological significance.
Confirmation of the activity of positive hits in vivo was performed in muscles depleted of endogenous stem cells. Variability between each individual experiment and within experimental groups should be greatly reduced by the lack of possible competitive effects between transplanted cells and endogenous stem cells present in the microenvironment of recipient muscles. Therefore, an enhancement in regeneration following transplantation of Mbs undergoing silencing of each specific hit could only be attributed to ability of the transplanted cells to fuse more efficiently compared with untransfected cells and ensured consistent and reproducible results among replicates.
Many of the several hundred genes identified were shown to cluster into specific pathways known to play key roles during terminal differentiation of Mbs (Fig. 2D) . Among the pathways identified through gene ontology analyses, genes appertaining to the Wnt, the TGF-b and the MAP kinase signaling pathways were over-represented. These pathways have been studied extensively in muscles both in vitro and in vivo and the role of many of the genes identified in our screen has been clearly established during myogenesis. In addition, we found enrichment in genes involved directly or indirectly in cell cycle regulation, in particular Cdks consistent with the observation that withdrawal of Mbs from cell cycle mediated by Cdk inhibitors promotes their differentiation (31) . Importantly, many of the genes that were identified by the screen have been linked directly or indirectly to the GPCR signaling pathway (Fig. 2D ) whose role in muscle is still largely unknown. Those genes are particularly attractive therapeutic targets since many of the pharmaceutical drugs currently on the market are known to inhibit these receptors. Active studies in our laboratory are currently aimed at better characterizing the role of those receptors in muscles and at testing some of those inhibitors. The use of drugs that are already approved for use in humans is likely to expedite the preclinical developmental stages required for their testing in DMD and may prove beneficial in the treatment of various forms of muscular dystrophies.
Our study clearly identifies CCND2 as the lead candidate of the screen. The specificity of the gene was confirmed using different siRNA sequences targeting various regions of the CCND2 mRNA. Similar effects were achieved using lentiviral-mediated shRNA knockdown of CCND2 (Fig. 5) . Gain-and loss-of-function studies suggested that CCND2 acts by interacting with Cdk4 and by maintaining pRb in the hypophosphorylated (active) state. The role of pRb during myogenesis has been studied in detail and its activity has been linked to both cell cycle exit and differentiation (32) (33) (34) (35) (36) . Our studies further expand the role of pRb in muscle repair and demonstrate that regulation of its phosphorylated state is mediated, at least in part, by CCND2. When transplanted into skeletal muscle of recipient mice, Mbs downregulating CCND2 through siRNA or shRNA all showed to significantly improve the ability of Mbs to fuse and form new myofibers compared with untreated or control Mbs (Supplementary Material, Fig. S5 and S6) . Altogether, these studies suggest that downregulation of CCND2 may be
an important target to enhance regeneration in diseases like DMD when combined with cell-mediated regenerative approaches. Further studies will be required before this approach can be brought into the clinic and the clinical potential of downregulating CCND2 expression will have to be studied in detail using different types of muscle stem cells to ensure its broad applicability for the treatment of muscle disorders. Finally, the role of CCND2 in mature myofibers will have to be clearly determined to guarantee that the beneficial effects achieved through transplantation are maintained over time and that this approach is safe to use in patients.
In conclusion, our study identified known and unknown genes that function during myogenesis and many new targets that could be used to enhance muscle regeneration and muscle repair. The clinical applicability of these new targets is not restricted to diseases like DMD, but has potential for the treatment of many other disorders characterized by loss of muscle mass including aging and many other forms of muscular dystrophy. Characterizing the role of these genes during myogenesis will be crucial at better understanding their functions in muscles during regeneration and repair and is likely to broaden our knowledge on the tightly regulated and complex processes that control muscle function. Furthermore, the identification of CCND2 as the lead gene in our HTS may open new possibilities for the treatment of DMD using cell-mediated regenerative approaches.
MATERIALS AND METHODS
Mice
Wild-type (C57BL/10SnJ), the GFP transgenic mice (GFPC57BL/6-Tg(ACTB-EGFP)1Osb/J), the nude strain (C57Bl/6 Foxn1 nu ) and mdx mice (C57BL/10ScSn-Dmd mdx /J) offspring from breeder colonies were originally obtained from Jackson Laboratory (Bar Harbor, ME, USA). The mdx/nude strain was derived as previously described (37) . Mice were housed and maintained in the Veterinary Medical Unit at the Division of the Laboratory Animal Medicine (DLAM) in accordance with guidelines of the Administrative Panel on Laboratory Animal Care of the University of California, Los Angeles.
Cell culture and transfection
Cells were derived from limb muscle of neonatal GFP, mdx and C57 mice as previously described (38) . For growth, cells were plated on dishes coated with 5 mg/ml laminin (Life Technologies, Inc.) and maintained in growth medium consisting of Ham's F10 nutrient mixture (Mediatech, Herndon, VA, USA) supplemented with 20% fetal bovine serum, 4 ng/ml of human fibroblast growth factor (FGF) basic (Peprotech Inc., Rocky Hill, NJ, USA), penicillin and streptomycin. Cell differentiation was induced by maintaining the cells in low serum medium (differentiation medium) consisting of Dulbecco's modified Eagle's medium (DMEM) supplemented with 2% horse serum, penicillin and streptomycin.
The siRNA libraries used in the primary and secondary screens and the non-targeting control were purchased from Dharmacon (Thermo Fisher Scientific, Fremont, CA, USA). The siRNA designed to target myostatin, and the additional siRNAs used in target validation experiments were obtained from Invitrogen (Invitrogen Corporation, Carlsbad, CA, USA) and are listed in Supplementary Material, Table S2 . No homologous sequences were found in mouse genome. The doublestranded siRNAs were synthesized chemically and modified into stealth siRNA (Invitrogen Corp) to enhance the stability in vitro.
For primary siRNA screens, tgGFP Mbs were reverse transfected with siRNAs in 384-well plates. In brief, cells were trypsinized and resuspended in growth medium containing 20% FBS and 1:250 w/v extracellular matrix (ECM, Sigma, St Louis, MO, USA), at a concentration of 6 × 10 4 cells/ml. 10 ml of a transfection reagent mixture containing 10 ml/ml Lipofectamine TM 2000 in Opti-MEM (Invitrogen Corporation) was added to each well prespotted with 1 pmol of siRNA and incubated at room temperature for 20 min. Cells (2500 cells/well) were added to wells using a robotic multichannel pipette. Approximately 10 h after transfection, the medium was replaced with prewarmed differentiation medium containing DMEM, 2% HS and antibiotics. Two days after transfection, 10 ml of fresh differentiation medium containing 2 mm Hoechst 33342 (Invitrogen Corporation) was added to each well and Mts were imaged using a high-content imager (Molecular Device, Carlsbad, CA, USA).
Secondary and tertiary screenings were performed in 12-well or 6-well plates. Cells (1.5 × 10 4 cells/well) were seeded 12 h prior to transfection. For each transfection, 5 ml of siRNA (100 mM) was complexed with 5 ml of Lipofectamine TM 2000 for 30 min at room temperature following the manufacturer's instructions. The complex was then added to the wells containing growth medium without FGF. Transfection was stopped after 10 h by replacing the transfection solution with fresh differentiation medium.
Lentiviral vectors and clones selection
Lentiviral particles were purchased from Sigma (Supplementary Material, Table S3 ). Infection conditions in tgGFP Mbs were optimized with MISSON TurboGFP Control Transduction particles (SHC003V) and non-targeting shRNA Control Transduction particles (SHC002V; Sigma) in 24-well plates for optimal growth conditions, viral dosage and puromycin selection concentration. TgGFP cells were seeded at 1.6 × 10 4 per well in triplicate on 12-well plates and for 12 h. The lentiviral vectors encoding shRNA (50 particles/cell) were added onto cells in the presence of 8 mg/ml hexadimethrine bromide and incubated for 24 h at 378C. A total of five different shRNA sequences were tested (Supplementary Material, Table S3 ). Clones were selected using puromycin at a final concentration of 2 mg/ml for 6 days. Cells were evaluated from days 7 to 10 for cell proliferation and cytotoxicity under the microscope. On day 10, the number of viable cells was determined via CellTiter 96 AQ ueous One Solution Cell Cytotoxicity Assay (Promega).
Intramuscular injections
Transplantation of muscle progenitor cells was performed as described previously (39 -41) . Mice were anesthetized using either methoxyfluorane followed by intraperitoneal ketamine:xylazine:water (1:1:2) at 0.9 ml/g or isofluorane through a nose cone. All mice were injected at the age of 3 months. Lower
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Human Molecular Genetics, 2013, Vol. 22, No. 16 limb muscles of mdx/nude mice were exposed to 18 Gy g-irradiation 3 days before grafting to ablate all circulating muscle progenitor cells (42) . Regeneration into recipient TA muscles was stimulated by intramuscular injection of 50 ml of notexin (10 mg/ml) (43) 24 h before Mb transplantation (39, 41, 44, 45) . On the day of transplantation, cells were detached from the flask with 0.1% trypsin in Hank's balanced salt solution (HBSS) containing 0.02% EDTA followed by three suspensions in HBSS and centrifugations at 1800 rpm for 5 min. The last centrifugation was at 6500 rpm for 5 min. The volume of injection was maintained constant at 50 ml for all the engraftment procedures. Cells were injected percutaneously into TA muscles using a 0.3 cc insulin syringe with a 30-gauge needle (Becton Dickinson). Cell viability was assessed using trypan blue staining. Transplantation of Mbs transfected with siRNAs was performed using cells resuspended at a final concentration of 1 × 10 4 cells/ml. This concentration was chosen based on pilot studies that were performed to determine the minimal number of cells needed to detect a significant difference in the number of GFP-positive and DYS+ fibers in recipient muscles injected with sham-transfected Mbs or Mbs treated with the CTL-siRNA when compared with those that received Mbs downregulating myostatin. Transplantation of Mbs infected with the lentiviral vectors was carried out on clones isolated from cells transduced with the CTL-shRNA or the CCND2a-shRNA and was performed as described above. Cells were resuspended at different concentrations (Fig. 6 ) and injections were performed using a final volume of 50 ml.
Plasmids
The pCCND2-D3
′ UTR construct expressing wild-type cyclin D2 and the pCCND2-D3
′ UTR-DN lacking the N-terminal region of the protein were generated by cloning the open reading frame of the two proteins into a pcDNA3.3 vector (Invitrogen Corporation). The mouse complementary DNA (cDNA) encoding CCND2 (GenBank accession number NM_009829) was obtained by direct amplification of a cDNA library using a forward primer (CCND2-forw: 5 ′ -CAGTCGGGACCGAGTG GTGG-3 ′ ) homologous to the region of the gene located in position 230 and a reverse primer (CCND2-rev: 5 ′ -GCCGCCCG AATGGCTTCC-3 ′ ) annealing to the first 18 bp immediately downstream of the stop codon. The open reading fame for the pCCND2-D3 ′ UTR-DN was amplified with the forward primer (CCND2-forwDN: 5 ′ -GTGCGTGCAGAAGGACATCC-3 ′ ) located in position +130 of the CCND2 cDNA paired with the CCND2-rev primer. Amplification was carried out for 30 cycles in the presence of Pfu DNA polymerase (Stratagene) at an annealing temperature of 658C for 1 min and an extension temperature of 688C for 2 min. Amplification was terminated by an additional extension of 30 min at 728C. PCR products were run on a 1.2% agarose gel and purified using the gel extraction kit (Qiagen, Valencia, CA, USA) as previously described (46) . Vector sequences were confirmed using an ABI377 automated sequencer.
Western blot analysis
Assessment of CCND2, desmin and MRF expression was performed using standard procedures and was carried out on proteins isolated from untransfected cells or cells transfected with the CTL-siRNA or the siRNAC10 oligomer targeting the CCND2 mRNA (Supplementary Material, Table S2 ). Briefly, cells were lysed in RIPA buffer (50 mM Tris -HCl, pH 7.4, 150 mM NaCl, 0.5% deoxycholate and 1% Nonidet P-40) containing aprotinin (20 mg/ml), leupeptin (20 mg/ml), phenylmethylsulfonyl fluoride (10 mg/ml) and sodium orthovanadate (1 mM). Total protein in the extract was determined by the Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA). Immunoblot analysis was performed on 100 mg of total protein from samples separated by electrophoresis using 12% SDS-polyacrylamide gels and then transferred onto nitrocellulose membranes. The membranes were blocked with 5% milk in Phosphate buffered saline (PBS) for 1 h at room temperature and were then incubated with primary antibody overnight at 48C. The following antibodies were used: mouse monoclonal anti-CCND2 (Thermo Fisher Scientific; 1:200), anti-MyoD (BD Biosciences Pharmingen, San Diego, CA; 1:200), anti-myogenin (Abcam, Cambridge, MA, USA; 1:500) and anti-desmin (D33; Sigma-Aldrich, St Louis, MO; 1:500), and rabbit polyclonal anti-Myf5 (C-20; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA; 1:800). Blots were washed with 0.05% Tween-20 in PBS and then incubated with a horseradish peroxidase-coupled anti-mouse or anti-rabbit secondary antibody (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Specific antibody binding was detected using an enhanced chemiluminescent system (Amersham).
Extraction of pRb was achieved using a high-salt buffer containing 50 mM Tris-HCl, 250 mM NaCl, 5 mM EDTA, 0.1% Triton X-100, 50 mM NaF, 0.1 mM sodium orthovanadate, 5 mg/ ml leupeptin, 5 mg/ml aprotinin and 5 mg/ml pepstatin as previously described (47) . Protein extracts were separated on a 6% SDS-polyacrylamide gel and electroblotted onto nitrocellulose. Membrane was blocked for 1 h with 5% milk, 0.05% Tween-20 in PBS followed by overnight incubation with a mouse monoclonal anti-human pRb antibody (BD Pharmingen; 1:200). Protein expression was detected with a peroxidase-conjugated secondary antibody and a chemiluminescent substrate as described above.
Flow cytometry
Fluorescence was measured using a Becton Dickinson FACScalibur flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA). Cells were trypsinized, harvested, resuspended in 0.5% BSA, 2 mM EDTA in PBS and processed immediately. Cells were fixed in 70% ice-cold ethanol, washed in PBS and resuspended in 0.5 ml of PBS containing 50 mg/ml RNase A, 1% FBS and 2.5 mg/ ml propidium iodide. A total of 2 × 10 4 cells were used for each analysis. Experiments were repeated in triplicate for each time point analyzed and a total of three independent experiments were performed.
RT -PCR analysis of transcript levels
Total RNA was extracted from cultured cells using TRI-REAGENT (Sigma). For each reaction, 5 mg of RNA was treated with 1 U of DNase I (GIBCO/BRL) at room temperature and reverse transcribed using the first-strand cDNA synthesis kit (Invitrogen Corporation) in the presence of SuperscriptIII (Invitrogen Corporation) to a final volume of 20 ml. Amplification Human Molecular Genetics, 2013, Vol. 22, No. 16 3293 was carried out using the combination of primers described in Supplementary Material, Table S5 . Real-time PCR was performed using a My iQ single-color detection system under the following thermal cycler conditions: 958C for 10 min followed by 40 cycles of a three-step reaction consisting of denaturation at 958C for 30 s, annealing at 558C for 1 min and extension and data collection at 728C for 30 s. The relative expression ratio of mRNA transcripts was calculated based on real-time PCR efficiencies using a standard DDCT method (48) . Glyceraldehyde 3-phosphate dehydrogenase was used as an internal standard control for all samples and to normalize transcript levels.
Immunofluorescence analysis
Dystrophin immunostaining of cultured cells was performed as previously described (38, 49) . Briefly, cells cultured on coverslips were fixed in ice-cold ethanol for 10 min, rinsed in PBS and permeabilized in 0.3% Triton X-100 for 10 min at room temperature. A solution containing 5% heat-inactivated normal goat serum and 1 mg/ml BSA in PBS was used as blocking solution for 30 min. Cells were then incubated with a primary rabbit polyclonal antibody to CCND2 (M-20, Santa Cruz Biotechnology, Inc.; 1:300) overnight at 48C. Cells were washed in PBS before incubation for 1 h at room temperature with an Alexa 546-coupled goat-anti-mouse (H + L) secondary antibody (Invitrogen Corporation; 1:250). Coverslips were mounted using Vectashield (Vector Laboratories, Inc., Burlingame, CA, USA) for fluorescence microscopy.
Dystrophin staining of muscles was done using serial 10 mm sections as previously described (50) . TA muscles were cut for at least two-thirds of the muscle length at intervals of 400 mm and examined for dystrophin expression. Air-dried sections were rehydrated in physiological solutions and blocked using a solution containing normal goat serum diluted 1:20 in PBS. Consecutive sections isolated from injected muscles were immunoassayed using a polyclonal antibody (Thermo Fisher Scientific; 1:200) specific for the C-terminal region of the dystrophin protein. Specific antibody binding was detected with the Alexa 546-coupled goat-anti-rabbit secondary antibodies (1:500). Quantitative determination of the number of DYS+ fibers was performed on the entire cross-sectional area for each section analyzed.
Quantitative measurements of muscle fibers
Myofiber minimal Feret's diameter was calculated as previously described (51) by measuring 200-400 fibers in muscles that received the lower dosage of Mbs (1 × 10 4 ) and at least 500 randomly selected fibers per muscle for all the remaining treatment groups. Quantitative analysis was performed using the Image J 1.37c software (National Institute of Health, USA). The variance coefficient of the muscle fiber size was calculated by dividing standard deviation of the muscle fiber size with the mean muscle fiber size and by multiplying the value obtained by 1000 (51).
Statistical analysis
Data are presented as means and standard deviations. Comparisons between groups were done using Student's t-test assuming two-tailed distribution and equal variances.
